The MCL for ? 3 r is 8 pCi/L. 'The Ionac C-250@ column effluent sample indicated 90Sr concentration was > 8 pCi/L after -1100 bed volumes had been treated, and the CST column effluent sample indicated the 90Sr concentration was > 8 pCi/L at 1 120 bed volumes treated. The sodium titanate column never removed 90Sr below the MCL. A combination of low Cs and Sr concentrations in the TSF-25 injection well groundwater and insufficient run time due to GWTF batch schedules, caused the colurrm experiments to be terminated prior to complete breakthrough.
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.12 .13 .14 .14 .15 .16 [l] . The contamination site is located at the Test Area North (TAN) facility at the Idaho National Engineering and Environmental Laboratory (INEEL). The contaminants of concern (COC's) identified at higher than acceptable levels were trichloroethane (TCE), cis-and trans-1,2-dichloroethane (DCE), tetrachloroethane (PCE), and the radionuclides strontium-90, and cesium-137.
TABLES
The Groundwater Treatment Facility (GWTF), at TAN was constructed as an interim action for groundwater remediation of the TSF-05 injection well. The GWTF was started in 1994 to pump and treat injection well water, primarily for the removal of TCE as the primary COC. The GWTF consists of several subsystems operated in series to remove various constituents from the water. These subsystems include: 1) filtration system for the removal of solids, oils, and greases; 2) an air stripper system for the removal of VOC's; and 3) two ion exchange columns (operated in series) containing the Ionac C-250@ sorbent for the removal of 90Sr. Initially the GWTF was designed to operate continuously at a rate of 50 gpm; however, decontamination of the water was insufficient due to presence of other contaminants (137Cs) detected at higher concentrations than originally planned and it became apparent that additional capacity or alternative technologies were necessary for '37Cs and potentially 90Sr removal.
Continued treatability studies for the evaluation of candidate radionuclide removal technologies are mandated over a three year period following signing of the ROD. The agencies will then jointly decide on radionuclide reinjection performance standards based on the results of the radionuclide removal treatability studies and associated cost benefit analysis. The treatability studies discussed herein were intended to evaluate potential radionuclide removal technologies for partial fulfillment of the requirement mandated by the ROD.
The Separations Technology Development group at Lockheed Martin Idaho Technologies
Company (LMITCO) has been evaluating several potential technologies for the removal of Cs and Sr from the TAN groundwater. One of the technologies tested was the 3M Company's web technology, which relies on ion specific sorbents immobilized in a web type matrix and 1 I contained in a cartridge [2]. 0the:r technologies evaluated were ion specific sorbents placed in ion exchange columns.
Bench scale setups were constructed at the Idaho Chemical Processing Plant (ICPP) and transported to the GWTF where tlhey were connected directly into available process lines to enable actual contaminated groundwater to be fed directly to both the 3M cartridge apparatus and the ion exchange column experimental setups. The setups were installed downstream of the multi-media filter and air scrubber and upstream of the ion exchange columns to evaluate the technologies under the current GTNTF operating configuration.
The GWTF was operating in blatch mode at the time of this experiment. A typical batch would involve pumping contaminated groundwater from either TSF-05 or TSF-25 injection wells into a 20,000 gallon surge tank. The groundwater would be recirculated through the GWTF treatment process until sample analysis indicated the groundwater met specific criteria for reintroduction of the groundwater back into the environment. The experimental setups would be brought on line soon after a new batch was initiated, and shut down when a GWTF treated batch was discharged. The average time frame for a typical GWTF batch to reach completion was about three days.
PURPOSE AND SCOPE
The purpose of this study was to evaluate several potential ion exchange sorbents that may remove associated radionuclides from the contaminated groundwater wells TSF-25 and TSF-05. The ion exchange experiments were conducted on a bench scale using continuous flow columns packed with the appropriate sorbents. 3M web technology was also evaluated using a bench scale experimental setup with 0.1 pm and 2.0 pm pre-filters and a Cs specific potassium cobalt hexacyanoferrate (KCOHEX) cartridge purchased from the 3M company. These experiments were performed using actual groundwater pumped through the GWTF treatment process.
The scope of this work was limited to continuous bench scale testing of the following sorbents: Pellx-137@; Ionac C-250@; SELION-CsTreat@; AlliedSignal's sodium titanate; IONSIV IE-911 (CST); and the 3M Compi&s web technology using potassium cobalt hexacyanoferrate.
The effects of particulates in the groundwater on pressure drops across the Cs specific (KCOHEX) cartridge were also monitored to determine the life expectancy of the cartridge and associated pre-filters.
BACKGROUND
Previously, a bench scale experiment was performed at the ICPP to test the effectiveness of the 3M web technology to remove Cs and Sr from TAN groundwater [2] . The water used in this experiment had been processed through the GWTF. The results of this test indicate that the 137Cs had been effectively removed after -4730 liters (1250 gallons) of water had been processed through a 4 inch cartridge. Due to the solids having been removed by settling and multiple passes through the solids filtration systems at the GWTF, there was little concern of pre-filter plugging or high pressure drops accumulating across the Cs or Sr specific cartridges. However, the experiment herein was of some concern because the extent of solids removed from the groundwater was not to the same degree as the previous experiment. Water supplied to the 3M cartridge apparatus was downstream of the solids removal subsystem of the GWTF. Additional solids filtration was anticipated to extend the life of the Cs specific cartridge; thus, two pre-filters were installed in series upstream of the Cs cartridge. The fust pre-filter removed particles above 2.0 pm followed by a second pre-filter removing particles above 0.1 pm. Figure 1 shows the actual cartridge apparatus installed at the GWTF. The Pellx-l37@ and SELION-CsTreat@ sorbents used in this experiment were chosen based on recommendations received from GWTF personnel. SELION-CsTreat@ was also chosen because the sorbent is potassium cobalt hexacyanoferrate which is the same type of sorbent used in the KCOHEX cartridge. Sodium titanate and IONSIV IE-911 CST sorbents were chosen based on technical information received from the respective manufacturers. The Ionac C-250@ sorbent was included to provide a baseline value to predict performance of Sr specific sorbents when compared to GWTF removal data (Ionac C-250@ is used in GWTF process).
The ion exchange setup was also constructed at ICPP with chosen Cs and Sr sorbents packed into columns and transported to GWTF. A second photograph shows the ion exchange setup at the GWTF (Figure 2 ). 
EXPERIMENTAL 3M Web Experiment
The configuration of the 3M experimental setup is shown in Figure 3 . Two identical trains were assembled in parallel. This setup enabled the isolation of one train's pre-filters or Cs specific cartridges for change out without shutting down the system. 
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The experimental setup consisted of the equipment listed in Table 1 connected with appropriate tubing and Swagelok@ fittings. The system was designed to operate at a flowrate of 3.8 liters per minute (lgpm) with a system pressure not to exceed 60 psig. The design consisted of two independently identical bridged trains. Each train consisted of three cartridge housings in series, including two pre-filters and a cesium specific unit. The cartridges were connected in series with 3/8" stainless steel tubing. A gear pump was installed at the headend of the setup to supply flow from the GWTF process lines to the equipment. A pressure switch was included to shut down the pump should the system pressure exceed 60 psi, an indication of filter plugging.
For ease of installation and connection to the GWTF process, 3/8" flexible poly tubing was used to supply contaminated water to the setup and return it back to the GWTF process. The GWTF had an operating pressure of -5 psig at the tie-in points of the experimental systems and as a result, check valves were installed on the return lines to prevent backflow from the GWTF to the setup through the return lines. Initially, contaminated water was pumped through a single train's set of pre-filters before passing through the Cs specific cartridge. Early into the testing, pressure readings indicated that the 0.1 pm pre-filter was plugging off due to solids present in the contaminated water. Because nm time was limited, frequent change out of plugged pre-filters was a concern. The pre-filters from the other train were valved in so the contaminated water could be routed through both sets of pre-filters in parallel flow to increase run time between filter change outs. This configuration allowed a much larger volume of water to be pumped through the setup before 0.1 pm pre-filter change out was necessary.
One liter samples were pulled from three specific locations into polypropylene bottles. Feed samples were taken at the beginning of each new GWTF batch to determine the 137Cs activity .
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These samples were collected on the inlet line of the setup downstream of the feed pump. Samples were also periodically drawn after the pre-filters but before the Cs specific cartridge to determine if any activity was being removed with the solids captured by the pre-filters. A third sample was pulled from the line leaving the setup to determine the 13'Cs activity of the water after passing through the Cs specific cartridge. All samples were transported to the ICPP radiochemistry group for 137Cs anialysis. Cesium-137 activities were determined by gamma counting the one liter samples on a high purity p-type coaxial germanium detector having a relative efficiency of 80%. Sample analyses were evaluated to determine the removal efficiency of the Cs specific cartridge.
Pressure readings were taken fiequently to monitor differential pressures occurring across associated filters. Differential pressure values were used to predict the plugging rate of all online pre-filters as well as detect excessive pressure buildup across the Cs specific cartridge which could potentially reduce Cs removal capabilities.
Radiation readings were taken. intermittently on the Cs cartridge housing using a hand held radiation meter. The readings were utilized for safety and health purposes to protect employees from exposure to excessive radiation and ensure compliance with radiation safety standards and common work practices associated with the GWTF. The readings were also used to plot a curve associating Cs removal vs. throughput.
to record total flow through Cs specific cartridge.
contaminated equipment was disposed of per TAN radiation safety personnel direction. All other equipment was decontaminated to undetectable levels and disposed of as cold waste.
Ion Exchange Experiment
Flowrate and total flow values were recorded periodically to observe flowrate fluctuations and At the completion of the testing, the experiment was dismantled and the potentially The ion exchange experiments consisted of two columns in series. The systems were first assembled at the ICPP and then 6:ansported to the GWTF. Table 2 features the equipment list used for the ion exchange experirnents. Two identical ion exchange experimental setups were used so that several sorbents could be tested in the brief GWTF operating window.
The ion exchange experimental setups were assembled using the above equipment w i t h appropriate flexible tubing, stainless tubing, fittings, valves and pressure gauges. Figure 4 illustrates a simple schematic of the ion exchange column setups. The systems were designed to operate at a flowrate of 20 mL/mjin with a system pressure not to exceed 60 psig. The flowrate could be adjusted as process conditions changed using a variable speed controller to vary the feed pump output. Changing process conditions included pressure fluctuations, flowrate oscillations, and particle presence based on number of cycles treated for a given batch. 
Column Preparation
The initial column system prepared at the ICPP was the Pellx-l37@ and Ionac C-250@ system. The Cs specific Pellx-l37@ column was placed upstream of the Sr specific Ionac C-250@ column to prevent 13' Cs from sorbing onto the Ionac C-250@ sorbent, thus reducing it's capacity for Sr. The Ionac C-250@ sorbent will remove Sr and to some extent Cs. Cs may displace Sr from the resin, therefore, in an attempt to increase column efficiency, Cs was removed from the groundwater prior to introduction to the Ionac C-250* sorbent.
The Pellx-l37@ column was prepared by following the mandactwer's directions. The sorbent was first placed in a volumetric flask and washed with deionized water to remove dust. A column was then filled with deionized water to an appropriate level and a pre-weighed mass of sorbent was added to the column by allowing it to fall through the water and settle to the desired height.
The glass column was lightly tapped to further pack the sorbent. Once the sorbent was appropriately packed, deionized water was pumped through the column until there was no evidence of dust particles present in the effluent stream. The same procedure was used for preparing the Ionac C-250@ colmn.
A second setup was prepared using SELION CsTreat@ and sodium titanate sorbents. Again the Cs specific SELION CsTreat@' sorbent was placed first followed by the sodium titanate column. The column preparation procedure followed for the SELION CsTreat@ was identical to the procedure used with the Pellx-l37@ and Ionac C-250@ columns. The sodium titanate sorbent was received from the vendor in 1,arge pellet form. The particle size of the sodium titanate sorbent was reduced to improve sorption kinetics. A column diameter to particle size ratio of 2 20 is also recommended to minimize wall effects and prevent channeling [3] . The sorbent was ground and sieved to a mass mean diameter between 212 and 850 micron. Water was used to wash dust from particles accumu1,ating during the grinding operation. The sorbent was then added to a water filled glass colurnn and packed to the proper height and density.
with a column containing the IObISIV IE-911 (CST) sorbent. This column was prepared using the same procedure previously described above for Pellx-l37@. This column was installed unaccompanied by any other column and evaluated for both Cs and Sr removal. Table 3 describes the ion exchange sorbent information used in this experiment.
After limited data had been colllected for the Pellx-l37@/Ionac C-250@ system it was replaced Samples were taken periodically from the column effluents. The samples were analyzed for calcium, magnesium, total Sr, "Sr, and 137Cs. Total Sr, Ca, and Mg were analyzed by Inductively Coupled Plasma Emission Spectroscopy (ICP-ES) using a Jobin Yvon model 38 sequential Spectrometer. The atomic emission spectrum was generated by a plasma torch utilizing argon as the cooling gas. The samples were analyzed undiluted to obtain very low analytical detection limits. The analytical error associated with these analyses was & 10%. The 137Cs analytical method used was discussed earlier in this text. 90Sr concentrations were obtained by using a 90Sr specific method performed by the radiochemical group at the ICPP.
Radiation readings were also taken to monitor radiation fields associated with the extraction of radioactive elements onto the sorbents. These readings ensured the fields did not exceed the limits imposed by GWTF safety and health guidelines.
Flowrate and total flow values were recorded periodically to monitor changing flowrates introduced to the columns and calculate bed volumes of groundwater processed.
At the completion of the testing the setups were dismantled and disposed of under the direction of GWTF radiation control personnel.
RESULTS AND CONCLUSIONS
At the beginning of this testing it was unsure as to how long the experimental setups would be allowed to operate based on GWTF processing schedules and planned construction scheduled on GWTF process equipment. The GWTF was operating in batch mode with no fmal determination for converting to continuous operation. The experimental setups were operated as the GWTF was operating. Experimental setups were shut down for GWTF backwash and discharge operations.
A total of eight batches were processed through the GWTF with the experimental setups in place, six fkom TSF-25 and two from TSF-05. Table 4 illustrates a comparison of the average batch concentrations of elements between the TSF-25 and TSF-05 injection wells. -1100 pCi/L -232 pCiiL -0.181 yg/mL -13.4 pg/mL -14.0 pg/mL
TSF-25
-520 pCi/L -244 pCiL -0.269 pg/mL -37.2 yg/mL -14.7 pg/mL 9 3bll System Demonstration
Pre-filter Operation
The initial operation of the 3M setup included the use of only one train of pre-filters and one
Cs specific (KCOHEX) cartridge on line. After -2080 liters (550 gallons) of TSF-25 water had been processed, a high pressure drop across the 0.1 pm pre-filter caused the high pressure safety switch to shut down the feed pumip. The determination was made to operate with all four pre€ilters on line with each set of pre-filters operating in parallel while still pumping the water through a single KCOHEX cartridge. This greatly increased run time. A total average of -9460 liters (2500 gallons) could be prolcessed before 0.1 pm pre-filter change out was necessary. Figure 5 illustrates the typical differential pressures observed versus throughput in gallons while the GWTF was treating TSF-25 water. The final two batches of this testing incorporated the use of TSF-05 water. This well water was known to exhibit higher concentrations of solids. Approximately 3780 liters (1 000 gallons) of TSF-05 water could be processed before 0.1 ym pre-filter change out was performed (Figure 6 ). Sample results indicated that no I3'Cs was entrained in the solids removed by the pre-filters. The 2.0 pm pre-filters never reached a differential pressure high enough to shut down the feed pump. 3M provided a new experimental 2.0 pm pre-filter for incorporation into the setup. The performance of this new filter was compared to an older model filter. Both filters performed well and can be used successfully for this type of application. The data indicate that the GWTF solids removal systems is efficiently removing solids above the 2.0 pm size range.
Cs Specific (KCOHEX) Cartridge Performance
Complete removal of 13'Cs fiom the contaminated groundwater was consistently observed throughout the 3M KCOHEX cartridge test. A total of -4 1,600 liters (1 0,992 gallons) of water was processed. Samples indicated the effluent 137Cs activity was at or below analytical detection limits of < 14 pCi/L. Consequently, 137Cs capacity of the KCOHEX cartridge was high and breakthrough was never observed throughout the test. The total amount of 137Cs contained on the cartridge at the completion of the testing was calculated to be approximately 25 pCi which is well below the expected capacity of the KCOHEX cartridge [4] . The high capacity of the KCOHEX cartridge indicates that the radiation level due to I3'Cs retention may be the limiting factor in changing the cartridge and not 137Cs breakthrough. On the other hand, appropriate shielding may provide longer usage of the cartridge. Figure 7 illustrates a curve of P-h activity measured at the cartridge housing versus processed volume of contaminated groundwater. The pressure drop across this cantridge was 4 psig at the beginning of this test and never exceeded 9 psig throughout the entirety of this testing (see appendix for 3M pressure readings). These data indicate the solids were sufficiently removed upstream of the KCOHEX cartridge by the pre-filters and the performance of the KCOHEX cartridge was not challenged by the presence of solids.
Ion Exclhange System Demonstrations
A total of -174 liters or 1450 bed volumes (1 20 mLs/BV) of groundwater was processed through the Pellx-137@/ Ionac C-250* setup. Cesium-137 breakthrough was never reached throughout the experiment for the Pellx-137 column (Figure 8) . Cesium-137 activity in the effluent stream never exceeded the analytical detection limit (1 3-25 pCi/L). Calcium and magnesium were not sorbed onto the Pellx-137@ column.
of the water entering the column. Figure 8 shows the C/Co value for Sr ranging between 1.4 and 1.8. These data would indicate sitrontium contamination fiom the Pellx-l37@. This is understandable because Pellx-l3'7@ is a naturally occurring zeolite which may sorb stable Sr fiom natural groundwater. A laboratory experiment was performed to confirm this postulation, A simple batch contact with 0.5 grams of Pellx-l37@ and 10 m L s deionized water was conducted.
A blank contact (1OmLs of the same water, but no Pellx-l37@) was filtered through a 0.45 pm acrodisk to ensure Sr contamination was not present in the water or materials used in this test. The Pellx-l37@ contact was mixed for two minutes on a vortex mixer, centrifuged, and filtered through a 0.45 pm acrodisk filter. A sample of the filtered blank and Pellx-137@ contact were Interestingly, the Pellx-1 3 7@ column effluent sample contained more Sr than the feed sample sent for total Sr analysis. The results indicated that no Sr was present in the water before contact, however, after contacting with the Pellx-l37@ sorbent, there was a measurable quantity of Sr present (0.0489 pg/mL). This was interesting to note, however, it is important to remember that Pellx-137@ is marketed explicitly as a Cs specific sorbent. Calcium and magnesium reached 10% breakthrough in the Ionac column at -1200 and -1000 bed volumes respectively, while 10% Sr breakthrough occurred at -1350 bed volumes ( Figure   9 ). These data indicate calcium and magnesium will sorb onto Ionac C-250*, thus decreasing the resin's capacity for Sr. Column effluent samples indicated 90Sr concentrations exceeded the MCL of 8 pCi/L after -1 100 bed volumes of groundwater was processed . However the fact that calcium and magnesium did breakthrough before Sr indicates this material is more specific for Sr than calcium or magnesium. It should be noted that all water tested in this experiment was pumped fiom TAN injection well TSF-25 which has higher calcium and Sr concentrations than TSF-05 (see Table 4 ). Later Sr breakthrough would be expected with TSF-05 water. -50% breakthrough after processing -2100 bed volumes. Calcium and magnesium breakthrough appears to occur much earlier with the sodium titanate sorbent than with the Ionac C-250@ sorbent, which would seem to indicate sodium titanate is more specific for Sr than Ionac C-250@. However, there does not appear to be significant bed volume differences between these two sorbents at 10% breakthrough. A graph showing a breakthrough curve for total Sr, Ca, and Mg is shown in Figure 1 1. It should be noted that a chosen flowrate of 20 mLs/min (1 0 B V h ) , based on residence time calculations, was used for all the ion exchange column experiments. Due to the presence of process fluctuations, it was virtually impossible to maintain a consistent flowrate. This inconsistency resulted in residence times varying from 10 to 20 BVihr.
The Sr values used to reflect breakthrough curves for the previous ion exchange column tests utilized total Sr data received fiorn the ICP sample analysis method. The method used to analyze for total Sr was found to be more accurate than the method used to determine "Sr activity. This inaccuracy is based on the low concentrations of "Sr found in the GWTF contaminated groundwater. 
